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Purposk. Single-cell RNA-sequencing (scRNA-seq) was used to interrogate the relatively rare
stem (SC) and early transit amplifying (TA) cell populations in limbal/corneal epithelia from
wild-type and autophagy-compromised mice.

Mernops. We conducted scRNA-seq on ocular anterior segmental tissue from wild-type and
beclin 1-deficient (beclin1*/™) mice, using a 10X Gemomics pipeline. Cell populations were
distinguished by #-distributed stochastic neighbor embedding. Seurat analysis was conducted
to compare gene expression profiles between these two groups of mice. Differential protein
expression patterns were validated by immunofluorescence staining and immunoblotting.

Resurts. Unbiased clustering detected 10 distinct populations: three clusters of mesenchymal
and seven clusters of epithelial cells, based on their unique molecular signatures. A discrete
group of mesenchymal cells expressed genes associated with corneal stromal SCs. We
identified three limbal/corneal epithelial cell subpopulations designated as stem/early TA,
mature TA, and differentiated corneal epithelial cells. Thioredoxin-interacting protein and
PDZ-binding kinase (PBK) were identified as novel regulators of stem/early TA cell
quiescence. PBK arrested corneal epithelial cells in G2/M phase of the cell cycle. Beclinl ™~
mice displayed a decrease in proliferation-associated (Ki67, Lrig1) and stress-response (H2ax)
genes. The most increased gene in beclinl™ ™~ mice was transcription factor ATF3, which
negatively regulates limbal epithelial cell proliferation.

Concrusions. Establishment of a comprehensive atlas of genes expressed by stromal and
epithelial cells from limbus and cornea forms the foundation for unraveling regulatory
networks among these distinct tissues. Similarly, sScRNA-seq profiling of the anterior segmental
epithelia from wild-type and autophagy-deficient mice provides new insights into how
autophagy influences proliferation in these tissues.
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he limbal/corneal epithelia with its attending stroma is one

of the most well-accepted models for studying epithelial
stem cells and their progeny the transit amplifying (TA) cells. In
this system, the epithelial stem cells for the corneal epithelium
are preferentially located in the basal layer of the limbal
epithelium."? The immediate progeny of a stem cell division,
the early (or young) TA cells are also located in the limbal basal
layer."* Many consider these early TA cells phenotypically and
functionally indistinguishable from stem cells.® Early TA cells
migrate centripetally and populate the peripheral corneal
epithelial basal layer”>™® The late or more “mature” TA cells
are believed to reside in the central corneal epithelial basal
layer>'®!" Tt is also held that a hierarchy in proliferative
capacity exists within the limbal/corneal epithelia. The stem
and early TA cells have great proliferative capacity, whereas
mature TA cells are more limited in their capacity to divide.
Stem cells infrequently divide (rare cycling), whereas TA cells
often divide and can be detected by pulse nucleoside
incorporation (e.g., BrdU, EdU, 3H—thimidine).5 It is also
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believed that under resting or unperturbed conditions, young
TA cells do not exercise their full proliferative potential before
becoming post-mitotic differentiating cells.” However, in
situations in which the cell population needs to be expanded,
such as during development or following wounding, TA cells
use their full complement of divisions to restore homeostasis.’
This paradigm of corneal epithelial stem/TA cell/post-mitotic
cell is more than 30 years old and many of the features of these
three populations have been defined (for reviews see Refs. 12-
17). In addition, the stromal microenvironment (niche) under
the limbal and corneal epithelium is also becoming relatively
well characterized (for reviews see Refs. 18-20). However, due
to the heterogeneity of the limbal and peripheral corneal
epithelial basal layer, it has been extremely difficult to isolate
and characterize the stem/early TA cell population.>' Using
laser capture microdissection, we isolated relatively pure
populations of mouse limbal epithelial and corneal epithelial
basal cells and used these populations for gene and microRNA
expression profiling.>*?* Differences in gene and microRNA
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expression were documented between these two populations;
however, this technique did not allow for the characterization
of stem versus early TA versus mature TA cells.

Compared with the traditional profiling of bulk populations
mentioned above, single-cell RNA-sequencing (scRNA-seq)
methodologies enable the interrogation of relatively rare cell
populations (e.g., stem and early TA cells). In scRNA-seq, every
cell is barcoded and then grouped into different clusters or
populations based on the relative similarity of gene expres-
sion.?* For example, using known genes, these groups can be
defined as to epithelial versus mesenchymal. Epithelial clusters
can be further subdivided as to undifferentiated versus
differentiated or corneal versus conjunctival. Finally, corneal
epithelial clusters can be further subclassified into early versus
mature TA cells. Once classified and verified, the expression
profiles of the discrete populations can be examined to
uncover regulatory relationships. We have followed this
paradigm to uncover new ways in which the stem/early TA
cells maintain relative quiescence.

To complement this scRNA-seq approach in defining how
stem/early TA cells are regulated, we conducted scRNA-seq on
the cornea and limbus from beclin-1-deficient (beclin 1 D)
heterozygous mice, which have compromised autophagy.>> We
have shown that autophagy is a positive regulator of
proliferation in limbal/corneal epithelia.Z(’ For example,
inhibiting autophagy via treatment of primary human limbal
epithelial cells with chloroquine, which disrupts the function
of lysosomal enzymes,>” dramatically reduced the ability of
these cells to form holoclone colonies (a marker of stem cell
proliferative capacity®>*®). This is consistent with findings in
other systems that autophagy is a positive regulator of stem
cells.?®73? In addition, we reported that beclin 1"~ mice healed
corneal epithelial wounds at a slower rate compared with wild-
type controls. We hypothesized that such slower healing was
due to the inability of the stem/early TA population to
immediately respond to wound stimuli.® Thus, to gain insight
into this problem, we compared the scRNA-seq expression
profiles of the limbal/corneal stem/early TA populations of
wild-type versus beclin 1"~ mice.

Herein we report that stem/early TA and mature TA cell
populations were elucidated and characterized using scCRNA-
seq. We identified novel proteins that were preferentially
localized to the human and mouse limbal basal epithelium that
are involved in maintaining proliferative quiescence. Likewise,
we successfully identified the stem/early TA cell populations
from mice with compromised autophagy and demonstrate that
this group had 50% fewer stem/TA cells and a decreased
expression of genes associated with proliferation. These
findings provide a mechanistic explanation for the retardation
in corneal epithelial wound repair in mice deficient in
autophagy.

METHODS

Single-Cell Isolation of Mouse Cornea

Whole eyes were harvested from a single healthy beclinl het
(beclin1”)?>3 female and a healthy C57/BL6 wild-type
littermate control (28 day old) female mouse. The lens, retina,
iris, and trabecular network were removed leaving the entire
ocular anterior segment, from which most of the conjunctiva
was carefully dissected and discarded. The corneal rims were
subsequently digested at 37°C for 2 hours with 2 mL of 1 mg/
mL collagenase A (Sigma-Aldrich Corp., St. Louis, MO, USA) in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
FBS, 50 ng/mL gentamicin, and 1.25 pg/mL amphotericin B
with modification of published protocols.34 After a 2-hour
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incubation, the corneal rims were rinsed once with PBS
without Ca2™-Mg2". Clusters were further digested with 0.25%
trypsin and 1 mM EDTA at 37°C for 20 minutes with
intermediate gentle pipetting to yield single cells. After trypsin
digestion, cells were rinsed once with DMEM+10% fetal calf
serum media to deactivate and remove trypsin. The cells were
rinsed twice with sterile PBS containing 0.04% BSA. After final
centrifugation, cells were resuspended in 60 pL PBS containing
0.04% BSA to achieve 700 to 1200 cells/uL, and filtered into an
Eppendorf tube by using Flowmi Cell Strainer (Fisher
Scientific, Lenexa, KS, USA). Cell viability was checked and
accepted with at least an 80% viability score. Such cells were
processed for scRNA-seq using 10X Genomics pipeline in the
Northwestern University NUseq Core.

All mouse studies were approved by the institutional animal
care and use committee of Northwestern University, Feinberg
School of Medicine, and adhered to the Association for
Research in Vision and Ophthalmology Statement for the Use
of Animals in Ophthalmic and Vision Research.

Data Processing for scRNA-seq Analysis Using Cell
Ranger and Loupe

Transcripts were mapped to the mml0 reference genome
(GRCm38.91) using Cell Ranger Version 2.1.0. The Web
summary of Cell Ranger statistics on cells, sequencing, and
mapping metrics pre-quality control assessment for down-
stream bioinformatics analyses were as follows for wild-type
and beclin, respectively: cell metrics: 2513 and 5155 estimated
number of cells, 69.2% and 72.0% fraction reads in cells,
127,716 and 60,737 mean reads per cell, 3097 and 2515
median genes per cell, 18,250 and 18,585 total genes detected,
16,967 and 11,571 median UMI counts per cell; sequencing
metrics: 320,951,096 and 313,103,399 total number of reads,
97.4% and 97.6% valid barcodes; mapping metrics: 89.8% and
90.2% reads mapped to genome, 86.0% and 86.5% reads
mapped confidently to genome, 73.5% and 74.0% reads
mapped confidently to transcriptome. The number of cells
available for downstream analysis was 2513 and 5155 for the
wild-type and beclin samples, respectively. Data normalization
by Seurat analysis (see the next section: sSCRNA-Seq Clustering
by Seurat) was used to account for the differences in the cell
number between samples during integration and subcluster-
ing.

scRNA-Seq Clustering by Seurat

Sample clustering and comparisons were performed with the R
Package Seumt,55 version 2.4. The data were first normalized
and log-transformed. A list of highly variable genes was
generated by calculating the average expression of each gene,
placing the genes into bins, and then calculating the z-score for
dispersion within each bin. Genes with an average expression
between 0.0125 and 3, and with a dispersion >0.5, were
selected for inclusion in the principal component analysis
(PCA) calculations. The Seurat PCElbowPlot() function was
used to identify the number of significant PCs (18 for wild-type,
10 for beclin) to use for clustering. Seurat’s FindClustersQ
function was used to generate clusters for the data, with a
resolution of 1. The FindClustersQ function uses a procedure
of embedding cells in a graph structure and then applying the
Louvain algorithm (the default, used in our case) to iteratively
group cells together. A classification hierarchy was constructed
and clusters were merged from a random forest classifier with
an Out-of-bag error (OOBE) higher than 0.05. We performed t-
distributed stochastic neighbor embedding (t-SNE) in Seurat
with default settings. Each of the two samples yielded eight
clusters.
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Integrating Wild-Type and Beclin Samples, and
Subclustering

To compare two separate sets of samples, the data were
integrated and analyzed using Seurat software. The samples
from wild-type and Beclin-1"~ mice were “integrated” via
canonical correlation analysis (CCA) for four goals: (1)
identifying cell types present in both datasets; (2) obtaining
cell-type markers that are conserved in both control and
experimental cells; (3) comparing the datasets to find cell-type
specific responses to treatment; and (4) controlling for the
batch effects of having the disparity in the numbers of cells/
number of reads per cell.

Starting with the Seurat objects generated above, the union
of the top 2000 genes with the highest dispersion (var/mean)
from both datasets was processed. A CCA was performed to
combine the two datasets into a single object and store the
canonical correlation (CC) vectors. To choose CCs for
downstream analysis, Seurat’s MetageneBicorPlotQ function
was used with inclusion of the top 25 CCs. The CCA subspaces
were aligned (using Seurat’s AlignSubspace() function) to
prepare the data for clustering. The unsupervised clustering
procedure described above was repeated by merging clusters
with an OOBE higher than 0.05, and the clusters were
visualized with a t-SNE plot.

The Seurat FindConservedMarkers() function was used to
obtain a list of marker genes conserved across conditions, and
to identify cluster four as being probable epithelial cells. The
epithelial cluster designated was isolated and further processed
for subclustering as described above (i.e., generating a list of
highly variable genes, selecting genes with average expression
between 0.0125 and 3 and with a dispersion >0.5 for inclusion
in the PCA calculations, using the PCElIbowPlot( function to
select an appropriate number of significant PCs, choosing the
36 most significant principal components (PCs), and using
them in FindClusters(Q to generate subclusters). The integrated
epithelial cluster samples yielded nine subclusters.

Immunohistochemistry

Three separate human corneas, ages 27, 42, and 62, were used
with postmortem delay of no more than 72 hours (Eversight
Eye Bank, Chicago, IL, USA). Frozen sections (5 pm) of optimal
cutting temperature compound-embedded human and mouse
corneas were fixed in 4% paraformaldehyde, blocked in 10%
goat serum in PBS and incubated overnight with the following
primary antibodies: rabbit polyclonal antibodies against K167
(SP6- 1:500 dil; Sigma-Aldrich Corp., St. Louis, MO, USA), PBK
(16110-1-AP-1:100dil; Proteintech, Rosemont, IL, USA), TXNIP
(40-3700- 1:100 dil; Thermo Scientific, Waltham, MA, USA),
H2AX (10856-1-AP- 1:50 dil; Proteintech), ATF3 (HPA001562-
1:50 dil; Sigma-Aldrich Corp.) or a mouse monoclonal antibody
against K15 (MA5-11244-1:100 dil; Thermo Scientific).
Appropriate secondary antibodies conjugated to Alexa-555 or
Alexa-488 (Invitrogen, Carlsbad, CA, USA) at 1:300 dilution
were used to detect primary antibodies. DAPI (4’,6-diamidino-
2-phenylindole) was used to label nuclei, and mounted using
Gelvatol. Images were acquired using a 20X 0.5 EC Plan-
Neofluar objective on an epiflourescence microscope system
(AxioVision Z1; Carl Zeiss, Thornwood, NY, USA) fitted with an
Apotome slide module and a digital camera (AxioCam MRm).

Cell Culture

hTCEpi cells were cultured in keratinocyte-serum-free media
(K-SFM) with supplements (Invitrogen). Primary HCEKs and
HLEKSs were isolated from cadaver donor corneas provided by
Midwest Eye Bank (Ann Arbor, MI, USA) and cultured in CnT-20
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media with supplements (CellnTech, Bern, Switzerland) on
collagen IV-coated plates (Corning, Corning, NY, USA). To
silence gene expression, small interfering RNAs (siRNAs) (20
nM) targeting ATF3 (Catalog #AM16708; Invitrogen), PBK
(Catalog #4390824; siPBK#1: Assay ID s31708, siPBK#2: Assay
ID s31707, siPBK#3: Assay ID s31706; Invitrogen) or a
scrambled negative control (Catalog #465372; Invitrogen)
were transiently transfected into cells using RNAIMAX
(Invitrogen). Although we have tested three siRNA sequences
for PBK1, only two of them (#1 and #3) reduced the
expression efficiently.

Cell Proliferation and Cell Cycle Analysis

To examine cell proliferation, cells were subjected to WST-1
assays.?? To analyze the phases of the cell cycle, cells were
trypsinized, harvested, and fixed in 1 mL 80% cold ethanol in
test tubes and stained with propidium iodine (50 pg/mL)
containing 0.2 mg/mL RNase A (Sigma; St. Louis, MO). Cell
cycle distribution was calculated from 30,000 cells using a
FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA,
USA).

Immunoblotting

Western blots were performed as described previously.% The
following antibodies were used: PBK (Catalog #16110-1-AP-1;
1:1000 dil; Proteintech), ATF3 (Catalog #33593 - 1:1000 dil;
Cell Signaling Technologies, Danvers, MA, USA), GAPDH (sc-
32233-1:1000 dil; Santa Cruz Biotechnology, Santa Cruz, CA,
USA).

Real-Time Quantitative PCR Analysis

Whole eyes were harvested from beclin1™~ and C57/BL6 wild-
type littermate control (28 day old) mice (z = 4). Corneal
epithelial sheets were isolated as described previously.>” Total
RNA from epithelial sheets was purified using a miRNeasy kit
(Qiagen, Valencia, CA, USA), and cDNA was prepared using a
Superscript III reverse transcription kit (Invitrogen). Real-time
qPCR was performed on a Lightcycler 96 real-time PCR system
(Roche, Indianapolis, IN, USA) using a quantitative SYBR green
PCR kit (Roche). Mouse Aft3 primers were as follows: FWD 5'-
GGC AGG AAG AGC CAA AGA TAA; REV 5'-GTG CCA TTA ACA
TCC CAC AAT G. Mouse 18S RNA was used as the internal
control. Values are fold change over wild-type littermate
controls.

Statistical Analysis

In column plots, all values are expressed as mean * SD. The
significance of the differences between two groups was
evaluated by an unpaired Student’s #test. For violin plots, the
Wilcoxon rank sum test was conducted. Parameters with
values P < 0.05 were considered significant.

RESULTS AND DISCUSSION

scRNA-seq From the Limbus and Cornea of Wild-
Type and Beclin1"~ Mice

The limbus and cornea with underlying stroma was dissociated
with collagenase, partitioned into single cells, and processed
for scRNA-seq using the 10X Genomics platform. In total, we
sequenced 2513 cells from the wild-type limbus and cornea
and 5155 cells from the beclin 1™~ limbus and cornea: To
ensure that an adequate number of mRNA transcripts were
sequenced, we generated more than 127,000 reads per wild-
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scRNA-seq identifies 10 clusters of cells from wild-type mouse limbal/corneal tissues. (A) t-SNE plot of 2513 cells is visualized. Cells are

colored by the clusters. (B=J) t-SNEs colored by the normalized log-transformed expression of the mesenchymal markers Vim (B), Lum (C), Kera
(D), epithelial markers Cdb1 (E), Pax6 (F), Krt15 (G), conjunctival epithelial markers Krz13 (H), Krt19 (1), and Muc4 (J).

type cell and 60,000 reads per beclin 1~ cell. It has been
shown that 50,000 reads per cell is sufficient for accurate cell-
type classification and biomarker identification.>® The median
number of genes profiled per wild-type cell was 3100 vs. 2500
per beclin 1~ cell.

Presently, there is no established approach to handle
biological and/or technical replicates of scRNA-seq data, and
an established set of standards regarding replicates in SCRNA-
seq is being explored. scRNA-seq differential analyses are only
confined within the sample and each cell is considered as an
independent measurement. However, a minimum of three
replicates was used for downstream analysis of the data (i.e.,
immunostaining, proliferation, cell cycle) to answer specific
biological questions and define patterns.

A general approach in analyzing scRNA-seq data is to
determine clusters and subclusters, based on prior published
and proven markers. This is a calculated approach, and leads to
identification of novel genes that are residing within the
already determined clusters.>*** Therefore, to evaluate the
heterogeneity among the single cells from the wild-type limbus
and cornea, data generated from the scRNA-seq were subjected
to unsupervised clustering using the 10X Genomics Loupe
analysis program (Fig. 1). The t-SNE analysis revealed 10
distinct clusters and the top genes/cluster were used to
manually identify each of the clusters (Fig. 1A). Three clusters
expressed high levels of vimentin (Vim), lumican (Lum), and
keratocan (Kera) (Figs. 1 B-D), which are genes commonly
associated with corneal stromal keratocytes41 and thus we
assigned these clusters as mesenchymal cells (Figs. 1A-D).
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FIGURE 2.

scRNA-seq identifies stem/early TA, mature TA and differentiated corneal epithelial cell populations. (A) t-SNE plot of limbal/corneal

epithelial cells are visualized. Cells are colored by the cell types as follows: stem/early TA = red, mature TA = purple, and differentiated corneal
epithelial cells = blue. Several top signature genes in each cluster are listed. (B-D) t-SNEs colored by the normalized log-transformed expression of
Lrigl (B), MKi67 (C), and Gjb4 (D). Color represents log2 (expression level).

Interestingly, within the mesenchymal cluster was a small
subcluster of cells that (1) had low levels of keratocan, (2)
expressed Six2 and Scf, and (3) had high levels of Fhl1 and
Cd90 (Thyl) (Supplementary Fig. S1). Fbll and Thyl are
markers associated with corneal stromal stem cells (CSSCs). *?
Furthermore, the absence of keratocan in this cluster suggests
a less differentiated cell-type and thus we are postulating that
these cells may represent CSSCs.

The remaining large cluster of cells expressed high levels of
Pax6, adherens, and tight junctional as well as keratin genes
(Figs. 1E-G), all markers of epithelial cells. % Within the
epithelial cluster, a subcluster expressed high levels of keratin
13 and 19 genes (Figs. 1H, 1I), as well as mucin 4 (Fig. 1)),
mucin 1, and mucin 20 (Supplementary Fig. S2), markers for
conjunctival epithelial cells. **%7 We suggest that this cluster
represents a small amount of bulbar conjunctival tissue
immediately next to the limbus.

The Limbal/Corneal Epithelial Cluster From Wild-
Type Mice Can Be Classified Into Stem/Early TA,
Mature TA, and Relatively Differentiated Cells

After removal of the cluster representing the conjunctival
epithelial cells, unbiased clustering identified clusters of cells
that were assigned to three primary cell populations (Fig. 2A)
based on the expression of genes that were related to stem
cells, proliferation, and differentiation.

Stem Cells. Leucine-rich repeats and immunoglobulin-like
domains 1 (LRIG1) was initially proposed as a marker of
quiescent stem cells in the epidermis.48 In the intestine,
lineage tracing demonstrated that LRIG1 marks intestinal
epithelial stem cells.* More recently, LRIG1 was detected in
all of the limbal label-retaining cells (LRCs),SO which identify
stem cells as rarely (slow) cycling cells."® scRNA-seq data
indicated preferential Lrigl expression in a cluster of cells that
we designated stem/early TA cells (Fig. 2B), as well as a small
group of cells at the boundary between the stem/early TA cells
and the mature TA cell cluster (Fig. 2B).

Proliferation and Differentiation. We use KI67 expres-
sion to aid in defining the proliferative status of the cell
populations, as this marker visualizes cells that are cycling.’’
Immunohistochemical detection of K167, is low in the limbal
basal epithelial cells, which infrequently cycle' (Supplementa-
ry Fig. 8$3). Conversely, KI67 expression is high in the central
corneal epithelial basal cells, which proliferate more frequent-
ly® (Supplementary Fig. $3). Using KiG7 expression as a marker
for TA populations, the upper right cluster of cells (outlined in
purple; Figs. 2A, 2C) had high expression, the stem/early TA
cluster (outlined in red; Figs. 2A, 2C) had relatively low
expression and the large cluster on the left (outlined in blue;
Figs. 2A, 2C) also demonstrated low expression. Besides having
relatively low levels of Ki67, the stem/early TA cell cluster had
low levels of connexins (Gjb4; Figs. 2A, 2D), which is a
characteristic of stem cell-enriched tissues.>*>2>* The large
cluster of cells with the lowest Ki67 expression (outlined in
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Ficure 3. scRNA-seq identifies Txnip as preferentially expressed in
stem/early TA cells in the limbal epithelium. (A) t-SNEs colored by the
normalized log-transformed expression of Txnip. (B, C) Immunofluo-
rescence staining with TXNIP antibody in a frozen section of human
limbal and corneal epithelium. TXNIP was primarily restricted to the
limbal epithelial basal layer (B) and virtually absent in the corneal
epithelium (C). C, cornea; L, limbus. Arrows mark the positively
stained cells. Scale bar: 20 pm. Dotted lines mark the basement
membrane. n = 3.

blue; Figs. 2A, 2C), exhibited high expression of genes
associated with tight and gap junctions (Figs. 2A, 2D), which
are found on more differentiated cells,ss’57 hence we believe
that this population of cells are primarily post-mitotic
differentiated cells (Fig. 2). To interrogate the clusters further,
we used gene-annotation enrichment analysis (GO by DA-
VID>®>%). Not surprisingly GO analysis of the stem/early TA cell
cluster (Supplementary Fig. S4B) indicated enrichment for cell
fate commitment and regulation of pluripotency of stem cells.
Conversely, GO analysis of the mature TA cell cluster
(Supplementary Fig. S4G) indicated enrichment of cell division
and cell cycle.

scRNA-seq Elucidates Novel Regulatory Genes in
the Stem/Early TA and Mature TA Cell Clusters

Having identified a discrete population of stem/early TA cells,
we investigated highly expressed genes with regulatory
properties. One of the highest expressed genes was thioredox-
in-interacting protein (Txnip; Fig. 3A, Supplementary Table
S1). Txnip is a metabolic gene involved in redox regulation that
can also function as a tumor suppressor.(’o TXNIP functions to
maintain quiescence through GO/G1 cell cycle arrest via
p27kipl.(‘1 Immunofluorescence studies revealed that TXNIP
was expressed on human limbal epithelial basal cells (arrows)
as well as a few suprabasal cells, which are likely to be the
immediate progeny of stem/early TA cells due to asymmetric
division (Figs. 3B, 3C). This makes excellent biological sense,
as quiescence is one of the features of limbal epithelial stem
cells*? and Txnip may be a novel limbal epithelial-preferred
gene that contributes, in part, to stem cell maintenance. In
addition, preferential immunofluorescent localization of TXNIP
to the limbal basal cell population (Fig. 3B) further validates
the designation of stem/early TA cell to this cluster (Fig. 2A).
Although we tested two different TXNIP antibodies under
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different fixation conditions, the staining pattern with these
antibodies in mouse eyes was inconsistent.

Conversely, PDZ-binding kinase (Pbk) was highly expressed
in the mature TA cell cluster (Fig. 4A, Supplementary Table S2)
and is one of the lowest expressed genes in the stem/early TA
cluster (Fig. 4A). PBK is a mitogen-activated protein kinase
(MAPKK)62 that is associated with mitosis, and downregulation
leads to quiescence.@ Immunofluorescence experiments
indicated high expression of PBK in the corneal epithelium
(Fig. 4B). PBK in mouse and human limbal epithelial basal cells
was markedly lower than central corneal epithelial cells (Fig.
4B). Low levels of PBK in the limbal epithelial basal cells may
help maintain the aforementioned quiescence. PBK activity
and expression has been shown to contribute to the release of
proliferating cells from mid-mitotic checkpoint control and
maintain a timely exit from mitosis.®* Therefore, we investi-
gated how genetic manipulation of PBK in a limbal-derived
corneal epithelial cell line (hTCEpi(’S) affected the cell cycle.
We knocked down PBK levels in hTCEpi cells with two
different siRNA constructs (Fig. 4C) and analyzed the cell cycle
distribution of these cells (Fig. 4D). Following transduction,
cells were FACS sorted. Analysis indicated 78% of the control si-
transduced cells were in GO/G1, 7% were in S, and 12% were in
G2/M (Fig. 4D). In contrast, 60% to 70% of si-PBK transduced
cells were in GO/G1, 6% to 12% were in S, and 17% to 24%
were in G2/M (Fig. 4D). Thus, low levels of PBK in hTCEpi
cells arrested these cells in the G2/M phase of the cell cycle.
This may explain, in part, why autophagy—comépromised mice
have delayed corneal epithelial wound healing®® (see below). A
reduced PBK expression pattern in the limbal epithelium
validates the stem/early TA and mature TA cell cluster
designations.

scRNA-seq of the Limbus and Cornea From Beclin
1"~ Mice Reveal Diminished Proliferative Capacity

To interrogate the regulatory mechanisms underlying the delay
in corneal epithelial wound healing in mice with compromised
autophagy,z6 data from scRNA-seq of wild-type and beclin 17~
heterozygous mouse epithelia were normalized and merged
using the Seurat package to obtain an integrated data set (Fig.
5A). Such analysis revealed nine distinct clusters (Fig. 5A),
which we grouped into conjunctival (clusters 1-4), and
corneal (clusters 5-9) based on the expression of known
genes associated with each tissue (Fig. 5). Within the corneal
clusters, we identified the stem/early TA (cluster 8) and the
mature TA (cluster 9) populations. Violin plots, which show
the distribution of all the data points for a given set, indicated
that the highest frequency and distribution of the conjunctival-
associated keratins 4, 19, and 13 were in clusters 1 to 4 (Fig.
5B-D). Muc-4, a conjunctival mucin, was also highly expressed
in clusters 1 to 4 (Fig. SE). In contrast, (1) Lrigi, a stem/early
TA cell marker was high in cluster 8 (Fig. 5F); (2) Ki67, a maker
of rapidly proliferating cells was low in cluster 8 (Fig. 5G); (3)
Txnip, a novel marker for stem/early TA cell was high in cluster
8 (Fig. 5H); and (4) the negative stem cell marker, connexin
(Gjb4), was low in cluster 8 (Fig. 5D). Collectively, this suggests
that cluster 8 represents the stem/early TA cells. Comparison
of the number of cells in cluster 8 from wild-type versus
beclin1"~ mice revealed approximately 50% fewer stem/early
TA cells in autophagy-compromised mice (Table). Such a
reduction in stem cells and their immediate progeny is
consistent with the marked reduction in holoclone colonies
from human limbal epithelial cells with compromised autoph-
agy.Z(’ Cluster 9 had the highest expression of Ki67 (Fig. 5G), a
marker of rapidly proliferating cells, and we are designating
this cluster as representing the mature TA cells (Fig. 5A).
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scRNA-seq identifies Pbk as preferentially expressed in mature TA cells in the corneal epithelium. (A) t-SNEs colored by the normalized

log-transformed expression of Pbk. (B) Immunofluorescence staining with PBK antibody in a frozen section of human limbal and corneal
epithelium. PBK expression was dramatically lower in limbal epithelium than in the corneal epithelium. Cor, cornea; K15, Keratin 15; Lim, limbus.
Scale bar: 20 pm. Dotted lines mark the basement membrane. n = 3. (C, D) hTCEpi cells were transfected with two different siRNAs recognizing
PBK transcripts (siPBK no. 1 and no. 3) or sicontrol. Immunoblotting showed that siPBK transfection dramatically reduced PBK protein expression
(O). Cell cycle distribution was analyzed by flow cytometry, showing that a loss of PBK induced a G2/M phase arrest (D). n = 4.

A decrease in expression of KiG7 was seen in the beclin 17~
mice versus wild-type in both the stem/early TA (cluster 8) and
mature TA cell (cluster 9) populations (Figs. 6A, 6C). Similarly,
a decrease was seen in PBK expression in beclin 17~ mice
compared with wild-type mice (Figs. 6B, 6D). This observation
was confirmed immunohistochemically, as PBK was barely

detected in the corneal epithelium from the autophagy-
deficient beclin 1"~ mice and virtually absent in the peripheral
corneal epithelium (Figs. 7C, 7D). Wild-type mice had high
expression of PBK in the corneal epithelium (Fig. 7B). We
suggest that such a reduction in PBK might help explain the
compromised wound-healing response in the beclin 17~
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Ficure 5. scRNA-seq identified nine subclusters of cells from integrated samples of wild-type and Beclin 17~ mouse limbal/corneal epithelial cells.
(A) Cell-type clusters. We used t-SNE to visualize the re-clustering (color coding) of the original epithelial cell clusters from the integrated samples of

wild-type and beclin 17~

epithelial cells, based on the expression of known marker genes. The percentage of stem/early TA cells (cluster 8) in total

corneal/limbal epithelial cells from beclin™ ™ mice is 50% less than wild-type mice. For the table, we used the “prop.table” command from the R
base library. (B-I) Violin plots show the expression of gene markers from the nine clusters. Clusters are color coded. P values are tested by the

Wilcoxon rank sum test. *P < 0.05.

mice.®® In wild-type mice, 24 hours following a central corneal
epithelial wound, peripheral corneal epithelial basal cells are
induced to divide, going from a labeling index of 7% to 24%
after wounding. In addition, the cells have a markedly
shortened cell cycle time (from 72 to 24 hours).®> This
accounts for the efficiency in corneal epithelial wound healing.
Low levels of PBK in hTCEpi cells results in an arrest of these
cells in G2/M (Fig. 4D) and the low levels of PBK seen in the
peripheral corneal epithelium of the beclin 1"~ mice (Figs. 7C,

7D) could impede cells from routinely entering the cell cycle

and be a mechanism for the observed delay in wound response
seen in these mice.®

Beclin 1"~ Mice Reveal Reciprocal Expression
Patterns for Stress-Related Response Genes

Autophagy is the means by which cells adapt and respond to
differing intrinsic and extrinsic cellular-related stress situa-
tions.®”"7° Thus, it was not surprising that one of the most
downregulated genes in the beclin 17~ scRNA-seq data set was
histone H2ax (Fig. 6E; Supplementary Table S3). Phosphory-
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Ficure 6.  scRNA-seq identifies differentially expressed genes between

wild-type and beclin 1"~ mouse limbal/corneal epithelial cells. Violin
plots show the differential expression of the genes between wild-type
and beclin 17~ from clusters 8 (A, B) and 9 (C-F). *P < 0.05. P values
are tested by the Wilcoxon rank sum test.

lation of histone H2AX is a well-known modification that
regulates the DNA damage signaling pathway and maintains
genome integrity.”' 7> H2AX was minimally expressed in the
limbal epithelium of wild-type mice and humans (Figs. 8A, S8E);
however, H2AX was prominently detected in the basal, wing,
and superficial cells of the corneal epithelium (Figs. 8B, 8F). A
marked reduction in H2AX expression was observed through-
out the corneal epithelium of the beclin 1~ mice (Fig. 8D),
suggesting that these mice may have an attenuated ability to
repair damaged DNA.

Mouse Limbus
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Activating transcription factor 3 (ATF3) responds to diverse
cellular stresses and can be activated by several important
signal transduction petthWﬁl}fs.74’75 It is well established that
following stress, downregulation of mammalian target of
rapamycin (mTOR) initiates atltophagy.76’77 Recently, Siroli-
mus, an mTOR inhibitor, was demonstrated to decrease ATF3
expression in 3D organotypic skin culture models.”® Based on
this finding, the prediction is that compromised autophagy will
result in an increase in ATF3 expression. Indeed, A#f3 was one
of the highest upregulated genes in the beclin 1™~ scRNA-seq
data (Fig. GF Supplementary Table S3). ATF3 expression in
wild-type mice was most prominent in the nuclei of limbal
epithelial basal cells (Fig. 9A). Such expression was markedly
enhanced in the limbal epithelial basal cells from the beclin
17~ mice (Fig. 9A), with a significant increase in ATF3+ cell
number in limbal epithelia of beclin 17~ mice (Fig. 9B), and is
consistent with the scRNA-seq data. Although ATF3 antibodies
tested under different fixation conditions failed give a
consistent nuclear staining pattern with human cornea
sections, immunoblots from lysates of human limbal and
corneal epithelial cells revealed strong expression of ATF3 in
the limbal epithelial cells (Fig. 9C). Moreover, real-time
quantitative PCR of the total RNA isolated from the cornea
showed increased mRNA transcript level for ATF3 in beclin
1" mice compared with the wild-type littermate controls (Fig.
9D). In a mouse model of heart failure, ATF3 reduced
autophagy via suppression of the beclin-1-dependent path-
way.”? This negative regulation of autophagy via ATF3 is in line
with the present findings of an increase in ATF3 in the limbal
epithelium of mice with compromised autophagy (Fig. 9A). In
addition to stress response, ATF3 has been demonstrated to
both positively and negatively affect proliferation in a variety of
oncogenic settings.>°"®> We have shown that autophagy plays a
positive role in corneal epithelial proliferzltion,26 and thus
wanted to examine how modulation of ATF3 affects prolifer-
ation in these cells. Using a genetic approach, we treated
hTCEpi cells with siATF3 and noted a significant increase in
cell growth compared with the control siRNA (Fig. 9E). This
suggests that in the context of normal, resting corneal
epithelial cells, ATF3 dampens proliferation and may, in part,
contribute to the maintenance of quiescence in the stem cell-
enriched limbal basal cells. Furthermore, the marked increase
in ATF3 expression in limbal epithelium of beclin1~ mice may
contribute to the delayed corneal epithelial wound-healing
response observed in these autophagy-compromised mice.*®

CONCLUSIONS

The experiments reported here allow, for the first time, an in-
depth survey of the transcriptional profile of mesenchymal and

Mouse Cornea

Beclin1 *-

PBK DAPI

FiGure 7. scRNA-seq identifies a reduction of PBK expression in Beclin 1~ mouse corneal epithelial cells. Inmunofluorescence staining with PBK
antibody in a frozen section of mouse limbal and corneal epithelium. In wild-type mice, PBK is preferentially expressed in the corneal epithelium
(B) compared with the limbal epithelium (A). PBK expression is significantly decreased in the corneal and limbal epithelium from Beclin 1~ mice
(C, D). PC, peripheral cornea. Scale bar: 50 pm. Dotted lines mark the basement membrane. 7 = 4.
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TaBLe. Percentage of Cells Observed From Each Cluster in Total
Limbal/Corneal Epithelial Cell Numbers of Wild-Type and Beclin 17~
Mouse scRNA-seq Clusters From Integrated Samples

% of total cell number

Cluster# |Beclinl*/- |Wild type
1 4.79 3.59
2 17.23 10.29
3 4.66 4.94
4 1.48 0.94
5 1.45 0.00
6 2.89 5.29
7 59.84 63.00
8 5.31 9.00
9 2.35 2.94

Beclin1*- high

Beclin1*/-low

The higher percentage of cells in beclin 17~ clusters compared
with wild-type are highlighted in green and the lower percentage of
beclin 17" clusters compared with wild-type are highlighted in orange.

limbal/corneal epithelial cells. More importantly, use of SCRNA-
seq allowed direct assessment of specific rare cell types, such
as the stem/early TA cells and mature TA cells that contribute
to limbal/corneal homeostasis. During the evaluation and
validation of the scRNA-seq data, novel genes were identified
that may contribute to the preservation of cell cycle
quiescence, which is a hallmark of limbal epithelial stem cells.
The establishment of this comprehensive atlas of genes
expressed by stromal and epithelial cells from limbus and
cornea forms the foundation for future studies directed at
unraveling regulatory networks between and among these
distinct tissues.

We used scRNA-seq of limbal/corneal tissue from wild-type
mice and autophagy-deficient mice to identify autophagy-

Mouse limbus
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Beclin1 *-

H2AX DAPI

Human limbus

IOVS | August 2019 | Vol. 60 | No. 10 | 3579

associated transcriptomic changes in specific cell types that
has not been feasible until recently. We found an overall
decrease in proliferation-associated genes. Furthermore, dys-
regulation of ATF3 and PBK, genes associated with the cell
cycle and stress response, may provide valuable insight into
how autophagy functions as a positive regulator of prolifera-
tion in the limbal/corneal epithelium (Fig. 9F). In this model,
we propose that in the context of re-epithelialization following
wounding,?® one of the functions of autophagy is to ensure a
timely upregulation of epithelial proliferation. To accomplish
this, PBK and H2AX expression is promoted, whereas ATF3
expression is attenuated, resulting in stem/TA cell activation
(Fig. 9F). This study was primarily aimed to distinguish and
characterize the stem/TA cell populations in limbal/corneal
epithelia and how autophagy affects this population. There-
fore, most of the emphasis was given to analysis and
characterization of the subpopulation of epithelial cells that
had the stem/TA signature. Nonetheless, we identified and
partially characterized certain nonepithelial clusters (Supple-
mentary Fig. S1). Although it is beyond the scope of this article
to conduct an in-depth analysis of these clusters, the
mesenchymal cell population could be subclustered into other
cell types. It is interesting, but not surprising, that we did not
detect a subcluster of cells with an immune signature within
the mesenchymal cell population. Possible explanations are (1)
the limbus and corneas were acquired from healthy resting
mice and such animals as well as humans do not have a
preponderance of immune cells (i.e., dendritic cclls)84; and (2)
the numbers of immune cells normally present in the limbus
were below scRNA-seq detection levels.

The ability of scRNA-seq to provide information with
translational relevance is clearly demonstrated in the present
comparative study of limbal/corneal epithelial-derived stem/
early TA and mature TA cells from wild-type and autophagy-
deficient mice. The scRNA-seq approach appears to be
particularly well suited to investigating the corneal abnormal-
ities associated with diabetes (see Ref. 85 and references
therein). For example, corneal epithelial stem cells have
decreased expression of putative stem cell markers, leading
to the idea that this population of cells is Compromised.86
Using approaches outlined in the present study, the stem/early
TA cell and mature TA cell populations from limbal/corneas of
wild-type and mouse models of diabetes (see Ref. 85 and
references therein) could be compared. In this way, corneal
keratopathies, such as delayed wound healing, persistent

Mouse cornea

Human cornea

Ficure 8. scRNA-seq identifies a reduction in H2ax expression in beclin 1"~ mouse corneal epithelial cells. (A-D) Immunofluorescence staining
with H2AX antibody in a frozen section of mouse limbal and corneal epithelium. In wild-type mice, H2AX is preferentially expressed in the corneal
epithelium (B) compared with limbal epithelium (A). H2AX expression is significantly decreased in the corneal epithelium from beclin 1"~ mice
(D). n = 4. Scale bar: 50 pm. (E, F) Immunofluorescence staining with H2AX antibody in a frozen section of human limbal (F) and corneal (E)
epithelium. H2AX was primarily restricted to the corneal epithelium. Scale bar: 20 um. Dotted lines mark the basement membrane. n = 3.
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FiGure 9.  scRNA-seq identifies an increase in A#f3 expression in beclin 1/~ mouse corneal epithelial cells. (A) Immunofluorescence staining with
ATF3 antibody in frozen sections of mouse limbal and corneal epithelium. In wild-type mice, ATF3 is preferentially expressed in the limbal
epithelium compared with the corneal epithelium. (B) Bar graph shows a significant increase in ATF3-expressing cells in the limbal epithelium
from beclin 1™~ mice as calculated from immunofluorescence images using Image]J (http://imagej.nih.gov/ij/; provided in the public domain by the
National Institutes of Health, Bethesda, MD, USA) (ATF3+ cells, n = 4). Scale bar: 50 um. Dotted lines mark the basement membrane. (C)
Immunoblotting showed that ATF3 expression was significantly higher in human limbal epithelial cells (HLECs) than in human corneal epithelial
cells (HCECs). n = 3. (D) Atf3 mRNA expression in beclin 1™~ mice corneal epithelium as compared with its littermate controls (wild-type) shows
an increase in Atf3 expression. Values are fold change over wild-type. 7 = 4. (E) hTCEpi cells were transfected with siATF3 or sicontrol (siCTRL).
Cell proliferation was analyzed by WST-1 assay, showing that loss of ATF3 increased proliferation. Immunoblotting showed that siATF3 transfection
dramatically reduced ATF3 protein expression. n = 3. (F) Model proposing how autophagy regulates epithelial proliferation via increased PBK and
H2AX expression and decreased ATF3 expression, resulting in stem/TA cell activation.

corneal epithelial erosions, barrier defects, and stem cell concept that the limbus is the location of corneal epithelial stem

dysfunction,® could be more deeply interrogated. Dry eye is a
multifactorial disease of the ocular surface (see Refs. 87 and 88
and references therein). In a mouse model of experimental dry
eye, desiccation stress resulted in abnormalities in corneal
epithelial proliferation.?” Changes in the stem/early TA and
mature TA populations from limbal/corneas of wild-type and
experimental dry-eye mouse models®® should be relatively
easily probed using scRNA-seq techniques. Information from
such studies will give new understanding, not only on how dry
eye affects the proliferative and differentiative status of limbal/
corneal epithelium, but on how desiccation stress modulates
autophagy in these epithelia.
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